A phagemid system was developed for the monovalent display of combinatorial antibody Fab libraries on the surface of filamentous phage M13. Fab fragments were fused to the carboxyl-terminal domain of the gene HI protein.
Our combinatorial approach (1, 2) provides a means of capturing the vast diversity of the immunological repertoire (1-5). The approach relies on the ability to clone antibody heavy-and light-chain fragments independently and randomly recombine them in a system that allows the specificity of binding to be probed. Previously, we used a A phage system that allowed probing of plaque-lifts for the identification of desired clones. This system is limited by the size of the combinatorial library that may be examined (-106 members).
An interesting approach to accessing larger libraries involves their expression on the surface of filamentous phage. The display of libraries of small peptides on the surface of filamentous phage has proven to be a powerful approach for selecting ligands of defined specificity (6) (7) (8) . Phage display libraries are rapidly being extended to whole proteins. Two monomeric proteins, a single-chain antibody (9) and human growth hormone (10) , have been successfully expressed as fusions with the gene III (gIII) product coat protein III (cpIII). We have recently reported the expression and assembly of considerably larger and more complex (-50-kDa heterodimers) proteins, antibody Fab fragments, as fusions with the gene VIII (gVIII) product coat protein VIII (cpVIII) (11) .
The ability to rapidly sort large combinatorial Fab libraries is particularly important for the development of catalytic antibodies (12) . Here we report a strategy based on gIII fusions, complementing our gVIII approach, for the construction, selection, and production of high-affinity antigenspecific Fabs from combinatorial antibody libraries. The combinatorial antibody technology reported here may replace current hybridoma methods for the isolation of monoclonal antibodies.
MATERIALS AND METHODS
Vector Construction. The pelB leader sequences and cloning sites for the heavy-chain fragment and light chain were derived from phagemids excised from A Hc2 and A Lc2 A vectors as described (2) . The sequences were modified to remove a redundant Sac I site from Hc2 phagemid and a Spe I site from the Lc2 phagemid. The combinatorial phagemid vector pComb was constructed from these two modified phagemids by restricting each with Sca I and EcoRI and combining them in a ligation reaction. Recombinants were screened for the presence of two Not I sites yielding the combinatorial vector pComb. The tether sequence GGGGS and gIIl fragment from Spe I to Nhe I were the product of PCR of M13mpl8 (13) using the oligonucleotides 5'-GAGACGACTAGTGGTGGCGGTGGCTCTCCAT-TCGTTTGTGAATATCAA-3' and 5'-TTACTAGCTAG-CATAATAACGGAATACCCAAAAGAACTGG-3'.
The lacZ promoter, operator, and Cap-binding site controlling light-chain expression were the product of PCR with M13mpl8 using oligonucleotides 5'-TATGCTAGCTAG-TAACACGACAGGTTTCCCGACTGG-3' and 5'-AGCT-GTTGAATTCGTGAAATTGTTATCCGCT-3'. The PCR fragments encoding the gIII fragment and lacZ promoter were spliced by PCR overlap extension (14) . The resulting product was digested with Spe I and EcoRI and ligated into the corresponding sites of pComb to yield pComb 3'. Finally, pComb 3' was digested with Xho I and Spe I and ligated with the corresponding 51-base-pair (bp) stuffer from pBluescript (15) (Stratagene) to yield pComb 3 ( Fig. 1) , an ampicillinresistant phagemid. The corresponding chloramphenicolresistant phagemid, pCBComb 3, is a derivative of pBC (Stratagene).
Electron Microscopy. Tetanus toxoid was labeled with colloidal gold, and microscopy was done as described (11 After 1 hr kanamycin was added (70 pug/ml), and the culture was incubated overnight. Phage were isolated from liquid culture by polyethylene glycol 8000 and NaCl precipitation as described (8) . Phage pellets were resuspended in phosphatebuffered saline (50 mM phosphate, pH 7.2/150 mM NaCI) and stored at -20°C.
The following procedure is a modification of that originally described by Parmley and Smith (16) [typically 1011 colony-forming units (cfu)] were added, and the plate was incubated for an additional 2 hr at 370C. Phage were removed, and the well was washed once with distilled water. The well was washed 10 times with TBS/Tween solution (50 mM TrisHCl, pH 7.5/150 mM NaCl/0.05% Tween 20) over a period of 1 hr at room temperature. The well was washed once more with distilled water, and adherent phage were eluted by adding 50 A.l of elution buffer (0.1 M HCl, adjusted to pH 2.2 with glycine, containing bovine serum albumin) at 1 mg/ml and incubation at room temperature for 10 min. The eluate was removed and neutralized with 3 ,ul of 2 M Tris base. The initial phage input ratio was determined by titering on selective plates. The final phage output ratio was determined by infecting 1 ml of logarithmic phase XLI-Blue cells with the neutralized eluate for 15 min at room temperature and plating equal aliquots on selective carbenicillin and chloramphenicol plates.
Library Construction and Multiple Pannings. A human combinatorial antitetanus toxoid Fab library was constructed in pComb 3 from the previously prepared antigen-stimulated library in phage A (4) . The original pairing of chains was maintained by ligation of the Xho I/Xba I library fragments into Xho I/Xba I-prepared pComb 3. The gIII fragment and the promoter were added by removal of the Spe I/Sac I fragment and addition of the corresponding fragment from pComb 3. After this ligation the DNA (2 ,ug) was ethanol precipitated, resuspended in 10 ,ul of water, and transformed by electroporation into 300 ,ul of E. coli XLI-Blue. After transformation, 3 ml of SOC medium (17) was added, and the culture was shaken at 220 rpm for 1 hr at 37°C, after which 10 ml of SB medium containing carbenicillin at 20 ,ug/ml and tetracycline at 10 ,g/ml was added; the culture was then shaken at 300 rpm for an additional hour. This culture was added to 100 ml of SB medium containing carbenicillin at 50 ,ug/ml and tetracycline at 10 ,ug/ml and shaken for 1 hr, after which helper phage VCSM13 (1012 plaque-forming units) were added, and the culture was shaken for an additional 1-2 hr. After this time, kanamycin at 70 ,ug/ml was added, and the culture was incubated at 37TC overnight. Phage were isolated and panned in two wells, 50 ,ul in each, as described above.
Eluted phage were used to infect 2 ml of fresh (OD600 = 1) XLI-Blue cells for 15 min at room temperature, after which 10 ml of SB medium containing carbenicillin at 20 p.g/ml and tetracycline at 10 ug/ml was added; the culture was then shaken for 1 hr at 370C. Further growth, phage preparation, and panning were repeated as described above.
Colony Screening of Panned Library. Clones from each round of panning were streaked on LB/carbenicillin plates and grown at 370C for 4 hr. Plates were overlaid with nitrocellulose filters soaked in 5 mM isopropyl 3-Dthiogalactopyranoside and incubated overnight at 30'C. Filters were removed, incubated in a chloroform chamber for 15 min, then transferred to 100 ml of lysozyme buffer containing 50 mM Tris (pH 8), 150 mM NaCl, 5 mM MgCl2, 3 g of bovine serum albumin, 40 mg of lysozyme, and 100 units of DNase, and rocked for 1 hr. Buffer was removed, fresh lysozyme buffer was added, and filters were rocked for an additional hour after which adhering colonies were removed by gentle rubbing (18) . Filters were added to 100 ml of phosphatebuffered saline/1% (wt/vol) bovine serum albumin and incubated with 1 nM tetanus toxoid-labeled alkaline phosphatase and screened as described (4) .
Preparation and Analysis of Soluble Fab. Phagemid DNA from positive clones was isolated and digested with Spe I and Nhe I. The vector DNA was gel-purified and self-ligated. Transformation of XLI-Blue afforded the isolation of recombinants lacking the gIII fragment. Clones were grown in SB medium containing carbenicillin at 50 pug/ml and 20 mM MgCl2 at 370C until OD6w of 0.2 was achieved. Isopropyl -3-D-thiogalactopyranoside (1 mM) was added, and the cul- 1991) ture was grown at 30'C overnight. Cells were pelleted, Fab was prepared, and competitive ELISA was done as reported (4) .
RESULTS AND DISCUSSION
Phage assembly proceeds via an extrusion-like process through the bacterial membrane (19) . gIII of filamentous phage encodes a 406-residue minor phage coat protein, cpIII, which is expressed before extrusion and which accumulates on the inner membrane facing into the periplasm of E. coli. Studies by Crissman and Smith (20) have led to the assignment of the two functional properties of cpIII, infectivity and normal (nonpolyphage) morphogenesis, to roughly the first and second half of the gene. The N-terminal domain of cpIII binds to the F' pili, allowing for infection of E. coli, whereas the membrane-bound C-terminal domain, P198-S406, serves the morphogenic role of capping the trailing end of the filament according to the vectorial polymerization model (19, 20) .
A phagemid vector, pComb 3 was constructed to fuse the antibody Fd chain (comprising heavy-chain variable region and heavy-chain constant region 1 domains) with the C-terminal domain of cpIII. A flexible five-amino acid tether (GGGGS), which lacks an ordered secondary structure (21) , was juxtaposed between the expressed Fab and cpIII domains to minimize interaction. The Fd-cpIII fusion and light-chain proteins were placed under control of separate lac promoter/operator sequences and directed to the periplasmic space by pelB leader sequences for functional assembly on the membrane. Inclusion of the phage F1 intergenic region in the vector allows for packaging of single-stranded phagemid with the aid of helper phage. The use of helper phage superinfection leads to expression of two forms of cpIII. Consequently, normal phage morphogenesis is perturbed by competition between the Fab-cpIII fusion and the native cpIII of the helper phage for incorporation into the virion. The resulting packaged phagemid carries native cpIII, which is necessary for infection, and the encoded Fab fusion protein, which is displayed for selection. A similar approach has been reported for the production of hormone phage (10) . Fusion at the C-terminal domain is necessitated by the phagemid approach because fusion with the infective N-terminal domain would render the host cell resistant to infection (22) .
Electron microscopy of phage expressing a human antitetanus Fab revealed specific single labeling at one end of the filamentous phage (Fig. 2) . This result is consistent with the anticipated targeting ofthe Fab and can be compared with our previously reported cpVIII fusion, which resulted in labeling along the filament. Additionally, bacterial membrane fragments were also labeled supporting the proposed morphogenic scheme. We suggest the acronym Phabs for phage displaying antibody combining sites.
To demonstrate the utility of pComb 3 for the antigenspecific sorting ofphage, constructs were prepared with Fabs of known specificity and affinity. Phabs were prepared by overnight infection of phagemid containing cells yielding typical titers of 1011 cfu/ml. By using phagemids encoding different antibiotic resistances, ratios of clonally distinct phage were easily determined by titering on selective plates. In single-pass enrichment experiments, clonally mixed phage were incubated with an antigen-coated plate, nonspecific phage were removed by washing, and bound phage were eluted with acid ( 3 phagemid system display tetanus tox~oid-specific Fab molecules on their tail. Phage were labeled with 5-to 7-nm colloidal gold particles coated with tetanus toxoid (x140,OO0.) (B) Filamentous phage, as previously reported using the gVIII multivalent display system (11), shows antigenspecific labeling along the body of the phage and is provided for comparison. (x65,000.) M (4). This lower-afflinity clone was enriched over nonspecific phage by 103-fold. These enrichments are similar to those reported for hormone phage (10) .
The advantage of monovalent display over multivalent display is that it allows for the sorting of clones based on affinity as well as specificity, as does the immune system. This is demonstrated by the 253-fold enrichment of the tight binding clone 10C over the weaker binder clone 7E using the pComb 3 system, and this can be compared with a 5-fold enrichment using the multivalent gVIII construct. Studies of peptide libraries on phage that display four to five copies of the peptide on the phage surface (multivalent display) have shown that multivalency prevents the separation of phage displaying moderate-affinity peptides (10-6 M) from those displaying high-afflinity peptides (10-p M) (8) The use of the system was further demonstrated by sorting a previously characterized (one binder per 5000 clones) human combinatorial antitetanus toxoid Fab library (4). The library was reconstructed in pComb 3 retaining the original pairings of heavy and light chains. The library size, 107 clones, was 10-fold larger than the original A phage library. After a single round of panning, 13 of 57 clones picked were determined to be tetanus toxoid binders-a 103-fold enrichment (Fig. 3) . Enrichment can be monitored without screening by following the percent yield ofphage (16) . Following the third panning, the phage yield had increased 200-fold, indicating enrichment of specific phage (see legend to Fig. 3) . At this point, virtually all clones were antigen-specific binders. Large combinatorial libraries of 108 members should be easily accessible using this system. Because 1011 phage can be sorted in a single microtiter well, all members of the library can be selectively accessed.
The pComb 3 vector was designed for rapid conversion from a selection vector to an expression vector (Fig. 1) . This facilitated the preparation of soluble Fab at a level estimated to be several milligrams per liter depending on the clone. Three positive clones selected from the antitetanus toxoid library were examined by competitive ELISA (Fig. 4) , and the expected antigen specificity was confirmed. The apparent binding affinities of the isolated clones are on the order of those isolated using the A phage system (4 specificity, but to select for higher affinity binders mimicking B-cell selection in a laboratory setting. This has implications for antibody use in therapy and diagnostics. This system will complement our previously reported multivalent display system on cpVIII (11) . A previously reported single-chain antibody system expresses the fusion on each of the four to five cpIII proteins and might be expected to behave as the cpVIII system with respect to multivalency (9) . For the selection of high-affinity antibodies monovalent display is necessary, whereas selection of low-affinity clones may require multivalent display. De novo design and selection of binding cavities will likely require both systems.
Catalytic antibodies often suffer from substrate and product inhibition (12) . Phage displaying catalytic antibody libraries might be selected for binding to the structural features unique to the transition-state analogue by substrate or product washings. Furthermore, schemes can be devised for the selection of Phabs that covalently interact with an immobilized substrate, thereby trapping desired amino acid side chains that can be recruited for catalysis. The full utility of directly linking a selectable protein architecture via the phage surface to the instructions for its production, its DNA, could be realized by repeated rounds of clonal selection and mutation. This scheme would allow experimenter-controlled evolution of protein architectures similar to that reported for RNA (24) and has implications far beyond antibodies.
We note that the pComb 3 system has been used to select antigen-specific Fabs against proteins and haptens from a number of other libraries including combinatorial libraries from humans, mice, and hu-PBL-SCID mice (C.F.B., R.A.L., Dennis R. Burton, Roger Caothien, James Light, and Peter Fischer, unpublished data). In one case, the frequency of binding clones was known to be -1 per 200,000.
